The region of the Au-Zn phase diagram encompassing γ-brass-type phases has been studied experimentally from 45 to 85 atom % Zn. The γ phases were obtained directly from the pure elements by heating to 680 °C in evacuated silica tubes, followed by annealing at 300 °C. Powder X-ray and single-crystal diffraction studies show that γ-"Au 5 Zn 8 " phases adopt a rhombohedrally distorted Cr 5 Al 8 structure type rather than the cubic Cu 5 Zn 8 type. The refined compositions from two single crystals extracted from the Zn-and Au-rich loadings are Au 4.27(3) Zn 8.26(3) □ 0.47 (I) and Au 4.58(3) Zn 8.12(3) □ 0.3 (II), respectively (□ = vacancy). These (I and II) refinements indicated both nonstatistical mixing of Au and Zn atoms as well as partially ordered vacancy distributions. The structures of these γ phases were solved in the acentric space group R3m (No. 160, Z = 6), and the observed lattice parameters from powder patterns were found to be a = 13.1029(6) and 13.1345(8) Å and c = 8.0410(4) and 8.1103(6) Å for crystals I and II, respectively. According to single-crystal refinements, the vacancies were found on the outer tetrahedron (OT) and octahedron (OH) of the 26-atom cluster. Singlecrystal structural refinement clearly showed that the vacancy content per unit cell increases with increasing Zn, or valence-electron concentration. Electronic structure calculations, using the tight-binding linear muffintin orbital method with the atomic-sphere approximation (TB-LMTO-ASA) method, indicated the presence of a well-pronounced pseudogap at the Fermi level for "Au 5 Zn 8 " as the representative composition, an outcome that is consistent with the Hume-Rothery interpretation of γ brass. ABSTRACT: The region of the Au−Zn phase diagram encompassing γ-brass-type phases has been studied experimentally from 45 to 85 atom % Zn. The γ phases were obtained directly from the pure elements by heating to 680°C in evacuated silica tubes, followed by annealing at 300°C. Powder X-ray and single-crystal diffraction studies show that γ-"Au 5 Zn 8 " phases adopt a rhombohedrally distorted Cr 5 Al 8 structure type rather than the cubic Cu 5 Zn 8 type. The refined compositions from two single crystals extracted from the Znand Au-rich loadings are Au 4.27(3) Zn 8.26(3) □ 0.47 (I) and Au 4.58(3) Zn 8.12(3) □ 0.3 (II), respectively (□ = vacancy). These (I and II) refinements indicated both nonstatistical mixing of Au and Zn atoms as well as partially ordered vacancy distributions. The structures of these γ phases were solved in the acentric space group R3m (No. 160, Z = 6), and the observed lattice parameters from powder patterns were found to be a = 13.1029(6) and 13.1345(8) Å and c = 8.0410(4) and 8.1103(6) Å for crystals I and II, respectively. According to single-crystal refinements, the vacancies were found on the outer tetrahedron (OT) and octahedron (OH) of the 26-atom cluster. Single-crystal structural refinement clearly showed that the vacancy content per unit cell increases with increasing Zn, or valence-electron concentration. Electronic structure calculations, using the tight-binding linear muffin-tin orbital method with the atomic-sphere approximation (TB-LMTO-ASA) method, indicated the presence of a well-pronounced pseudogap at the Fermi level for "Au 5 Zn 8 " as the representative composition, an outcome that is consistent with the Hume−Rothery interpretation of γ brass.
■ INTRODUCTION
Research into Hume−Rothery γ-brass phases is experiencing a renaissance because of the numerous, emerging structure− composition relationships for these complex metallic alloys, which display some similarities with quasicrystalline solids. 1−3 Our own investigations into γ-brass phases of the Pd−Zn system revealed a complex intergrowth pattern of different sequences of fused icosahedra as a function of the valence electron concentration (vec) or electron-to-atom ratio (e − / a). 4, 5 Similar behavior occurs in the Fe−Zn, 6 Ni−Zn, 7 Rh−Zn 8 and Pt−Zn systems. 9 Subsequent modification of vec values in γ-brass Pd−Zn phases by introducing a third element, e.g., substituting trivalent Al for divalent Zn or monovalent Au for zerovalent Pd (just valence s and p electrons are counted), 10−12 yielded cubic γ-brass and 2 × 2 × 2 cubic superstructures, designated as γ′ brass, in the Pd−Al−Zn 10, 11 and Pd−Au−Zn 12 systems. These ternary γ-and γ′-brass phases exhibit directed mixed site occupancies as well as the presence of vacancies, both of which influence the vec of these phases to fall between 1.71 and 1.75 e − /a. Corresponding electronic density of state (DOS) curves show that these vec values fix the Fermi levels to occur in pseudogaps, an effect that indicates Hume−Rotherytype behavior. 13−15 As part of this effort into the structural chemical behavior of γ brasses, we have also investigated the, as yet, unreported crystal structures of γ-brass phases in the Au− Zn binary system. The Au−Zn binary phase diagram, shown in Figure 1 , has been redrawn by Okamoto and Massalski using available experimental data. 16 According to this diagram, the Zn-rich regime consists of three distinct γ phases, namely, γ between 65 and 71 atom % Zn, γ 2 between 74 and 76 atom % Zn, and γ 3 between 81 and 83 atom % Zn at 300°C. 16−18 Most of the experimental data were taken from work by Pearson. 18, 19 In particular, the solidus and liquidus lines between 20 and 70 atom % Zn were established experimentally by Ipser and Krachler. 19 Furthermore, the γ 2 phase has the composition AuZn 3 , the structure of which was confirmed by Gunzel and Schubert. 20 The structure of the γ 3 phase was found to be hexagonal, but no crystal structure has been reported so far. 18 Pearson's work, on the other hand, was mainly motivated from previous results of Maciolek et al., 21 who reported that the γ region of Au−Zn accommodated a single cubic phase with a large homogeneity range, i.e., 67−77 atom % Zn. This range corresponds to 86.8−92.0 valence s and p electrons per 52 atoms in the cubic unit cell. According to Pearson, these vec values (1.67−1.77 e − /a) for the stability of the Au−Zn γ phases are significantly higher than those compared to typical γ brasses, 10 e.g., Cu 5 Zn 8 (1.57−1.68 e − /a), and would be susceptible to a rhombohedral distortion, as in Cr 5 Al 8 . 22 Consequently, Pearson redetermined the Au−Zn phase diagram to identify the phase width and crystal structures of the γ-brass phases. 18 He concluded the existence of only the cubic γ phase between 65 and 71 atom % Zn at 300°C and extended its homogeneity range between 68 and 69 atom% Zn at room temperature. All previous reports, including Pearson's work, conclude that the Au−Zn γ phase adopts the cubic Cu 5 Zn 8 structure type with a noticeable phase width. 16, 18, 21, 23 However, our experimental results indicate that the Au−Zn γ phase adopts a rhombohedrally distorted γ-brass-type structure and exists for a relatively narrow range of chemical compositions, and, thus, vec values.
Rhombohedrally distorted γ-brass-type structures have been reported for many binary systems (Table 3) , namely, T−Ga (T = Cr, 24 Fe, 24 and Mn 25 ), T−Al (T = Cr, 22 Mn, 26 and Cu 27 ), and Cu−Hg systems. 28 So far, all of the reported distorted γ-brass phases have a rhombohedral cell angle α of less than 90°e xcept for Cu 7 Hg 6 , which has an α greater than 90°. According to Pearson's speculations, the rhombohedral distortion from cubic symmetry at higher vec values is driven by lowering the band structure energy. 22 Recently, we also reported the structures and magnetic properties of MGa (M = Cr, Mn, and Fe) 24, 25 and pseudobinary Cr 1−x Fe x Ga systems, 29 which are, in fact, rhombohedrally distorted γ-brass-type structures. The net magnetization along these series from Cr to Fe changes from weakly antiferromagnetic to ferromagnetic. In addition, all of these phases show a broad partially filled d band that can obscure accurate assessment of a sp-based vec. Interestingly, the distorted γ-brass compounds MGa (M = Cr, Mn, and Fe) 24,25 adopt a centrosymmetric space group (R3̅ m) rather than a noncentrosymmetric space group, as observed for Cr 5 Al 8 or Cu 6 Hg 7 (R3m).
The main focus of this report, therefore, is to establish the crystal structures of previously unreported γ-brass-type structures in the Au−Zn phase diagram. As part of the goal, we also explored the phases between 45 and 85 atom % Zn to identify the phase width of γ phases and also the crystal structures of neighboring phases. Moreover, we include an analysis of the electronic structure of γ-Au (Table S1 ). The pure elements of these targeted compositions were sealed in evacuated silica tubes under vacuum (10 −5 Torr), heated continuously from ambient temperature to 680°C at a heating rate of 30°C/h, and held there for 12 h. The reaction mixtures were then cooled to 300°C at a cooling rate of 200°C/h, at which point the samples were equilibrated for 5 days. Finally, the silica tubes were quenched in cold water.
To examine the phase purity and verify any homogeneity range, all samples were examined by powder X-ray diffraction (XRD) using a Philips PANalytical X′Pert PRO diffractometer. The samples were mounted on specially cut single-crystal silicon and spread evenly with the aid of laboratory-grade acetone. The data were collected for 2θ values ranging from 10°to 90°at increments of 0.02°in a continuous scan mode using Cu Kα radiation (λ = 1.540598 Å) in Bragg− Brentano geometry. The lattice parameters were refined using the WINXPOW program.
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Semiquantitative microprobe analyses were performed on several single crystals using a JEOL 5910LV scanning electron microscope equipped with a Noran-Vantage energy-dispersive spectrometer. To achieve more accurate compositions, samples were embedded in the epoxy and carefully polished to obtain a flat surface. The energydispersive X-ray spectrometry (EDS) spectra were acquired using an accelerating voltage of 20 keV. Images were also taken in the backscattered electron mode to check for the presence of any additional phases. The chemical compositions obtained from EDS corroborate well with refinements from single-crystal data analysis, within the limitations of the technique. No heavy elements other than Zn and Au were detected.
Differential Scanning Calorimetry (DSC). Thermal analyses were performed on a Netzsch DSC 404 C thermal analyzer. Approximately 40−60 mg of crystalline material (a chunk) was placed into a Ta tube with a 4 mm outer diameter. The Ta tube was evacuated in the special container and then sealed using a plug of Ta wire with the aid of a Nd:YAG laser (Miycachi Unitek LW150A) under vacuum (10 −5 Torr). The samples were heated to 800°C at a heating rate of 10−20°C/min and then cooled to room temperature at a cooling rate of 10−20°C/min. These cycles were repeated at least twice to ensure reproducibility.
Single-Crystal Structure Determination. Several suitable single crystals were selected from various samples to corroborate the phase width and to examine the element distributions for the Au−Zn γ brasses. All crystals were studied using a Bruker APEX CCD diffractometer equipped with graphite-monochromatized Mo Kα radiation (λ = 0.71073 Å). Herein, we report detailed structural refinement of two specimens extracted from Zn-rich (I: Au 4.5 Zn 8.5 , loaded composition) and Au-rich (II: Au 5 Zn 8 , loaded composition) samples. All refined compositions of the remaining crystals fall between these two extremes, and some of these results are summarized in Table 5 . Reflections were gathered at room temperature by taking three sets of 606 frames with 0.3°scans in ω, with an exposure time of 15−20 s/frame using the SMART program. 31 The range of 2θ extended from 4 to 57°. The measured intensities were corrected for Lorentz and polarization effects. The intensities were further corrected for absorption using the program SADABS, as implemented in SHELXTL+. 32 All data sets showed the systematic absence condition hkl: −h + k + l = 3n, etc., which suggests rhombohedral symmetry and five possible space groups, R3̅ , R3, R3m, R32, and R3̅ m. The E-Stats model strongly suggested the structures to be centrosymmetric; consequently, the space group R3̅ m was tentatively chosen for structural refinement. However, to establish structural relationships to the known rhombohedrally distorted γ-brass-type structures, the structures were also refined in the noncentrosymmetric space group R3m, a strategy that provided better refinement statistics.
Centrosymmetric Refinement for Crystal I. In the centrosymmetric space group R3̅ m, direct methods yielded an initial asymmetric unit with four Zn positions and two Au positions, according to their thermal displacement parameters. Subsequent isotropic least-squares refinement cycles converged quickly to R1 = 15.9%. The thermal displacement parameters for three of the four Zn positions were well behaved, while the fourth position showed negative displacement parameters. This position was tentatively assigned as Au in the subsequent refinement cycle. In addition, relatively large displacement parameters were observed for the two Au positions. Therefore, in the final refinement cycles, three positions were treated as mixed Au/Zn, and the R1 values converged to 11%. In the following least-squares cycles, the occupancy parameters were refined for the remaining Zn2, Zn5, and Au4 positions to obtain the refined composition. The occupancy of both Zn sites settled around 100% (within 3σ), whereas the Au4 site refined to 86(2)% occupied. The final stages of refinement were carried out with anisotropic displacement parameters and yielded R1 = 5.65% for 34 parameters. The final refined composition from this centrosymmetric model is Au 4.33(3) Zn 8.26(3) □ 0. 41 .
Noncentrosymmetric Refinements for Crystals I and II. Subsequent refinement for crystal I in the noncentrosymmetric space group R3m yielded nine crystallographically independent positions. During the early stages of structural refinement, four of these were assigned to Au and the remaining ones were assigned to Zn, which resulted in R1 dropping to 13%. The displacement parameters for three of the five assigned Zn positions showed negative values; on the other hand, three out of the four Au positions showed relatively large displacement parameters. This indicates a possible mixing of Au/Zn on six different atomic positions. In the subsequent refinement cycle, these positions were assigned as mixed Au/Zn positions, as a result of which the R value dropped to 9%. To obtain an accurate composition, the occupancy parameters were refined in a separate series of least-squares cycles. All independent Zn positions show full occupancy (within 3σ); however, the Au4 and Au6 positions show deviations from full occupancy, suggesting vacancies or admixing with Zn on these sites. However, when the Au4 and Au6 sites were treated as mixed Au/Zn positions, no Zn accumulated on these positions. Eventually, these two positions are most successfully refined as partially occupied Au sites and the refined occupancies for Au4 and Au6 are 94(1)% and 86(1)%, respectively. It is noteworthy that the Zn1 position shows a relatively large equivalent isotropic displacement parameter compared to other positions; however, the occupancy was refined to unity within 3σ. The final stages of refinement were carried out using anisotropic displacement parameters and yielded R1 = 3.9% for 60 parameters. The refined composition in this noncentrosymmetric model was found to be Hamilton's significance test suggests that the noncentrosymmetric model is statistically better at the 95% confidence level than the centrosymmetric model. 33 Crystal II was extracted from the Zn-rich loading "Au 4.5 Zn 8.5 " and coexists with an unknown phase, according to our observed powder XRD pattern. Its starting parameters were taken from the results of crystal I. After a few cycles of isotropic refinement, the R1 value dropped to 9.3%. In the following steps, the occupancy parameters were refined just for the Zn1, Zn8, Au4, and Au8 positions. The occupancy of the Zn positions settled around 100% (within 3σ), whereas the Au4 and Au6 positions were refined to 84(2)% and 85(1)%, respectively. The final stages of refinement were carried out with anisotropic displacement parameters and yielded R1 = 5.1% for 60 parameters. The refined composition was found to be Au 4.27(2) Zn 8.26(2) □ 0.47 , which is in good agreement with EDS analysis (EDS = Au 33(2) Zn 67(2) = Au 4.3(2) Zn 8.7 (2) ). Although the equivalent isotropic thermal displacement parameters for the Zn1 and Zn8 sites are relatively high, no vacancies could be refined on these sites. Tables  1 and 2 summarize the atomic positions, site occupancy factors, and displacement parameters for crystals I and II.
■ RESULTS AND DISCUSSION
Our synthetic and crystallographic investigation of the Au−Zn system in the approximate range 45−85 atom % Zn reveals the existence of a rhombohedrally distorted γ-brass-type phase and other phases. The distorted γ-brass-type "Au 5 Zn 8 " phase was observed between 58.0 and 69.0 atom % Zn at 300°C. Our results contradict previous reports, 12, [14] [15] [16] 30 which suggest that the Au 5 Zn 8 phase adopts the cubic γ-Cu 5 Zn 8 -type structure. Powder XRD analysis (see Figure 2 ) indicated the presence of small amounts of a secondary phase (unknown or β′) in most of the samples depending on the loaded compositions. Singlecrystal diffraction studies on several crystals show the presence of a small homogeneity range for the γ phase, as well as the presence of vacancies on Au sites and admixing of Au/Zn on several crystallographic sites. Furthermore, a new phase with Phase Analysis. Powder XRD data were acquired on various samples to examine the phase width of Au 5−x Zn 8+y (1 ≥ x ≥ −0.5), which ranges from approximately 58 to 69 atom % Zn. The unknown phase was the major phase observed in the range 1 ≥ x ≥ 0.5 (65−69 atom % Zn). A single-crystal diffraction study on the unknown phase revealed that its structure crystallizes in trigonal symmetry with lattice parameters a = 22.677(4) Å and c = 7.999(2) Å. On the basis of the single-crystal structure refinement, the approximate composition of the new phase is Au 72.5 Zn 150 and will be the subject of a future report ( Figure S6 in the Supporting Information). 34 Samples loaded in the composition range 0.5 ≥ x ≥ −0.5 (58−65 atom % Zn) contained γ brass as the major product along with noticeable amounts of a secondary β′ phase (CsCl, body-centered-cubic type). 35 EDS analysis yielded the composition of this secondary phase to be Au 0.5 Zn 0.5 (3) . A representative SEM micrograph, shown in the Supporting Information ( Figure S1 ), for loaded composition Au 5 Zn 8 illustrates this outcome. Furthermore, as the loaded Au content increases, there is a substantial increase in the amount of the β′ phase in the product. The enrichment of the β phase can be clearly seen in the SEM micrograph (see the Supporting Information, Figure S2 ). However, the powder XRD patterns presented in Figure 2 do not account for all of the β′ phases because the β′ phase is ductile and can be easily separated mechanically from the γ phase. Thus, only small amounts of a β′ phase were detected in the powder XRD patterns containing higher amounts of Au (0.2 > x > −0.5; i.e., 58−60 atom % Zn). Using our synthetic conditions, γ phases were never obtained as single-phase products. As described in the Experimental Section, our reaction mixtures were typically cooled from the melt to access better quality single crystals for diffraction studies. Although the reaction mixtures were quickly cooled to obtain the desired γ phase, some amount of β′ or unknown phases was always observed in the powder XRD patterns, depending upon the loaded compositions. These results agree with the experimental work by Ipser and Krachler 19 and the thermodynamic assessments of Liu et al. 23 A careful analysis of several powder XRD diffractograms within the γ-brass region also revealed the splitting of several reflections, including the main reflection around 41°in 2θ, a result that indicates distortion of the structure from cubic symmetry. Figure 2 shows the powder XRD patterns of several loaded compositions. These results disagree with previous reports that reported a cubic γ-brass-type structure but do corroborate Pearson's speculation arising from chemical compositions. Lattice parameters refined from the powder XRD patterns yield unit cell volumes ranging from 1195.6(4) Å 3 for the most Zn-rich sample (refined composition of Au 4.27(3) Zn 8.26(3) ; ∼66 atom % Zn) to 1211.7(3) Å 3 for the most Au-rich γ phase (refined composition of Au 4.84(3) Zn 7.85(3) ; ∼62 atom % Zn). Variation of the cell volume with respect to the Zn (loaded) is shown in Figure 3 . According to the figure, the γ-brass cell volumes are nearly constant between 58 and 61.5 atom % Zn; i.e., the composition of the γ phase does not change in this region. As mentioned before, this is a two-phase region (β′ + γ) in which β′ is the major phase. The volume shows a downward trend with increasing Zn content starting On the other hand, the first heating and cooling cycle at a rate of 10°C/min of loaded composition Au 5.2 Zn 7.8 shows two events. Upon heating, the first event corresponds to melting of the γ phase at 661°C, and the second broad endothermic peak corresponds to the melting point of a β′ phase with an onset temperature of 696°C (maximum at 705°C). During the cooling cycle, a relatively sharp single peak corresponds to recrystallization of the β′ phase at an onset temperature of 703°C , followed by a second exothermic event at 658°C, which corresponds to recrystallization of the γ phase. A second heating and cooling cycle at 10°C/min of the Au 5.2 Zn 7.8 sample gives reproducible results. When larger scan rates were employed (e.g., 15°C/min), formation of the γ phase could not be observed upon cooling. The thermograms for the loaded compositions for Au 5 Zn 8 and Au 5.2 Zn 7.8 are shown in Figure 4 . The observed temperature ranges for melting and recrystallization of the β′ phase show excellent agreement with the temperature ranges recently reported by Ipser and Krachler. 19 Structural Analysis. Single-crystal diffraction and powder XRD studies on several samples show that the Au−Zn γ phase adopts a distorted Cr 5 Al 8 γ-brass-type structure. Crystals I and II, which were selected from loaded samples such as "Au 5 Zn 8 " and "Au 4.5 Zn 8.5 ", are best refined in the noncentrosymmetric space group R3m (Z = 6) and show slight differences in their refined compositions, i.e., Au 4.58(3) Zn 8.12(3) □ 0.3 for I and Au 4.27(3) Zn 8.26(3) □ 0.47 for II. However, the most Au-rich γ phase found in this series gave a refined composition of Au 4.84(3) Zn 7.85(3) □ 0.31 , which was extracted from the loaded composition of Au 5.3 Zn 7.7 . The R1 value for this Au-rich crystal was slightly higher (R1 = 0.0694/wR2 = 0.1318) compared to crystals I and II. In addition, the M5 position was refined isotropically because anisotropic refinement yielded a nonpositive definite result, thus indicating possible absorption problems. Nevertheless, the structural models yielded identical sites for Au/Zn mixing. The compositions from single-crystal refinement results from different crystals are tabulated in Table  5 .
A group−subgroup relationship can be established by relating the cubic γ-Cu 5 Zn 8 aristotype to the rhombohedrally distorted γ-Au 5−x Zn 8+y structure to understand the distribution of Au and Zn atoms within the 26-atom γ-brass cluster. The symmetry reduction from I4̅ 3m to R3m involves a klassengleichtype group reduction of index 4 with a 3 times enlarged cell, i.e., I4̅ 3m → k4 [a′ = −a + b, b′ = −b + c, and c′ = 1 / 2 (a + b + c)] → R3m. The group−subgroup relationships and evolution of the corresponding atomic positions are summarized in Figure 5 as a Barnighausen tree.
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The cubic γ-brass structure consists of two 26-atom γ clusters, 38 packed in a body-centered-cubic fashion. Each γ cluster can be decomposed into four successive polyhedral shells consisting of (i) an inner tetrahedron (IT) of four atoms, (ii) an outer tetrahedron (OT) of four atoms, (iii) an a HC = heating cycle. CC = cooling cycle. I-event corresponds to the γ phase, and II-event corresponds to the β′ phase. octahedron (OH) of six atoms, and (iv) a distorted cuboctahedron (CO) of 12 atoms. In cubic γ brasses, these γ clusters have 4̅ 3m(T d ) symmetry. 38 This structural description has been effectively used for numerous γ, γ′, and other distorted γ-brass phases 10,12,14,22,39−41 and has yielded exceptional insights about the structural chemistry and atomic distributions in γ brasses, in general.
For rhombohedrally distorted γ-Au 5−x Zn 8+y , the γ clusters adopt 3m(C 3v ) symmetry, shown in Figure 6a . The Zn1 (3a) and M2 (9b) atoms form the IT, surrounded by the OT of M3 (3a) and Au4 (9b) atoms. This is enclosed by an OH made up of three Zn5 (9b) and three M6 (9b) sites and is further encased by a CO composed of three Au7 (9b), three M8 (9b), and six Zn9 (18c) positions. According to the single-crystal structural refinements, the vacancies are observed at the two Au sites located on the OT and OH sites. As a result, the overall refined compositions are Au 4.27(3) Zn 8.26(3) □ 0.47 and Au 4.58(3) Zn 8.12(3) □ 0.3 (□ = vacancy), respectively, for crystals I and II. Here, the vacancy concentration increases with an increase in the Zn content, which, in turn, determines the vec of the structure. In general, the vacancy concentration increases with an increase in the Zn content in the γ phase (see Table 5 ).
This increase of the vacancy concentration with increasing e − /a ratio is well-known in γ-brass-type phases, typical for Hume−Rothery-type compounds. 10, 12, 27, 40, 41 These nonstoichiometric vacancies play a decisive role in lowering the overall vec of the phase to the optimal values of ca. 1.615 e − /a because the vacancy is treated as an atomic site with 0 valence electrons. When the vec of a particular γ phase exceeds the critical value for stability, the species can distort structurally, it can remove some atoms such that vec achieves optimal values, or it can achieve both. For instance, γ-Cu 9 Ga 4 42 and γ-Cu 9 Al 4 27 adopt primitive (P-type) cubic structures consisting of two different γ clusters per unit cell. As the Ga or Al concentration in these phases increases, i.e., as vec increases, these structures undergo a rhombohedral distortion, with additional vacancies on the OT and CO sites for Cu 9 Ga 4 and the IT and OH sites for Cu 9 Al 4 related. In Cu 9 Al 4 , the IT and OH positions are occupied by Cu atoms. These P-type γ-brass structures tolerate a certain concentration of vacancies before the structural distortion occurs. On the other hand, no symmetry reduction from cubic is evident for the 2 × 2 × 2 superstructure of γ brasses, i.e., F cell or γ′ type, although a significant number of nonstoichiometric vacancies are observed in these structures. 10, 12, 40 For example, γ′ brasses in the Pd−Zn−Al system accommodate structural disorder and vacancies that account for a considerable phase width. 10 On the Zn-rich side, the γ′ structure contains 416 atoms per cell, whereas the Al-rich γ′ structure contains only 400 atoms because one set of OT sites is completely vacant. 10 In analogy to other rhombohedrally distorted brasses, the structures of γ-Au 5−x Zn 8+y can be described by condensed chains of face-sharing icosahedra along the c axis. There are two types of icosahedra: (i) Zn1-centered (M,Au) 12 icosahedra, i.e., Zn1@(M6, Au6); (ii) M3-centered (M) 12 icosahedra, each of which alternates along the c axis. Furthermore, the Zn1-centered icosahedra are surrounded by pentagonal dodecahedra Zn1@[(M6,Au6) 12 @(M3M5M9)8(Zn8)12], with distances ranging from 3.918 to 4.437 Å between the cluster center and dodecahedra. These dodecahedra also form chains along the c direction through corner-sharing via the M3 atoms and vertex-sharing along [110] to form a 3D network, as shown in Figure 6c .
Electronic Structure Analysis. The total energies of rhombohedral and cubic γ-brass structures using "Au 5 Zn 8 " as a model composition were calculated using the Vienna ab initio simulation package (VASP). 43−46 All VASP calculations were performed using projected augmented-wave pseudopotentials 47 with a cutoff energy of 450 eV. A conjugated algorithm was applied for the structural optimization with a 7 × 7 × 7 Monkhorst-pack k-points grid to sample the first Brillouin zone (BZ) for reciprocal space integrations. 48 To calculate the total energy, an ordered structure model "Au 5 Zn 8 " was taken; i.e., mixed sites are treated by either Zn or Au depending upon the relative occupancies on the crystallographic site, and vacancies are not taken into account (for details, see the LMTO-ASA section). Several models were constructed with rhombohedral angle α ranges from 89.68°to 90.06°. During structure optimization, only the atomic coordinates were optimized while keeping the cell volume constant for all models.
The calculated energies of cubic and various rhombohedrally distorted γ-"Au 5 Zn 8 " models revealed that rhombohedrally distorted structures are energetically more favorable than the cubic phase. Although the energy differences are not very large (36 meV/52 atoms), VASP calculations predicted the observed ground-state structure. The small difference in energies between the cubic and rhombohedral models could be attributed to the absence of vacancies and mixed Au/Zn position for the models, features that are critical components that contribute significantly to the stability of γ-Au 5 Zn 8 . 10, 12 To verify the credibility of VASP for these questions, similar calculations were performed on the well-ordered γ-Cu 5 Zn 8 . Interestingly, the results show that the cubic structure is energetically more favorable compared to the rhombohedrally distorted γ phase (20 meV/52 atoms), a result that is consistent with experiment. Overall, VASP predicts the observed groundstate structures for both "Au 5 Zn 8 " and Cu 5 Zn 8 .
The Stuttgart tight-binding, linear-muffin-tin orbital (TB-LMTO) 49−52 program with the atomic sphere approximation (ASA) was utilized to calculate the DOS and crystal orbital Hamiltonian population (COHP) curves for the rhombohedral structure of "Au 5 Zn 8 ", as a hypothetical representative of the entire γ-phase region. Exchange and correlation were treated in the local density approximation. 53 All relativistic effects except spin−orbit coupling were taken into account by using the scalar relativistic approximation. 54 In the ASA, space is filled with small overlapping Wigner−Seitz (WS) spheres at each atomic site. The symmetry of the potential is considered to be spherical inside each WS sphere, and a combined correction takes into account the overlapping part. 55 The radii of the WS spheres were obtained by requiring that the overlapping potential be the best possible approximation to the full potential and were determined by an automatic procedure. 55 Three empty spheres were introduced to satisfy the LMTO volume criterion. One of the empty spheres was located close to the center of the IT, and the other two were positioned at the centers of triangular faces of the COs (along the 3-fold direction). The corresponding WS radii for the various atoms include the following ranges: Au, 1.494−1.621 Å; Zn, 1.465− 1.578 Å; empty spheres, 0.666−0.785 Å. The basis set included Au 6s, 6p, and 5d orbitals and Zn 4s and 4p orbitals (3d orbitals treated as a core function). The k-space integrations were accomplished by the tetrahedron method. 56 The self-consistent charge density was obtained by using 364 irreducible k-points in the BZ for the rhombohedral cell.
The calculations were performed on stoichiometric "Au 5 Zn 8 " as a representative composition of the title compound with the M3 and M8 sites assigned to Au and the M2, M5, and M7 sites assigned to Zn. The above model gives the lowest total energy compared to Au and Zn distributions resembling that of Cu 5 Zn 8 . To conduct this comparison, the WS radii for Au and Zn were kept constant for the two different models. Although the M8 site shows a slight enrichment of Zn from single-crystal refinements (for I, Zn:Au = 61:39), this position is assigned to Au because this gives a better approximation to "Au 5 Zn 8 " as a representative composition. Moreover, assigning the M8 sites to Zn does not change the nature of the DOS curves. The calculated DOS and COHP curves are shown in Figure 7 approximant structures. 58 The formation of the pseudogap is due to interactions between the spherical Fermi surface in the free-electron model and faces of the first BZ. 13 However, in the case of γ-Cu 5 Zn 8 , the distribution of Zn and Cu, respectively, on the IT and OT sites gives rise to ordered polar-covalent, metal−metal interactions that enhance the pseudogap at the Fermi level.
14 In our models of γ-Au 5 Zn 8 , a similar coloring of the IT and OT sites by Zn and Au also reveals a deep pseudogap. Further computational studies of different coloring patterns are warranted to examine the effect of atomic decorations on the nature of pseudogaps in such complex intermetallic phases.
COHP values were also calculated for "Au 5 Zn 8 " to elucidate significant orbital interactions within the structure. According to a rigid-band approximation, the anticipated upper limit of Au−Zn γ brasses could be "Au 4 Zn 9 ". However, our experimental studies show that the γ phase extends up to Au 4.27 Zn 8.26 and involves nonstoichiometric vacancies at specific crystallographic sites in their structures. Further investigations into the relationship between the vacancy location and concentration in γ brasses are warranted and are currently underway. In order to extend the composition up to Au 8 Zn 18 , the structure needs to accommodate more vacancies that could destabilize the γ phase.
■ SUMMARY
The Au−Zn γ-brass region was investigated by means of synthetic, structural, thermal, and theoretical analysis. Au−Zn γ phases adopt a rhombohedrally distorted γ-brass-type structure with a noticeable phase width assigned from 60.0 to 66.0 atom % Zn at 300°C based on the single-crystal and EDS analysis. Thus, the stability of Au−Zn γ phases occurs for vec values between 1.61 and 1.66 e − /a. Furthermore, vacancies on the OT and OH sites of the 26-atom γ cluster play a critical role in keeping vec of the Au−Zn γ phases to optimal values, which fall well within the expected range for a γ-brass structure. During this investigation, we also discovered a new phase with approximate unit-cell composition Au 72. 5 Zn 150 , which crystallizes in trigonal symmetry. Powder XRD indicates that the γ phase coexists with either β′ or Au 72.5 Zn 150 , depending on the loaded composition. In addition, we also confirmed the existence of the γ 2 phase, AuZn 3 . Overall, our experimental results agree in large part with the phase diagram reported by Okamoto and Massalski. 16 However, further studies are required to estimate accurate phase width and thermal stability of the new Au 72.5 Zn 150 phase, and these investigations are in progress.
■ ASSOCIATED CONTENT * S Supporting Information X-ray crystallographic data in CIF format, Tables S1−S7, and Figures S1−S8. This material is available free of charge via the Internet at http://pubs.acs.org.
